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A technique for efficient mid-range wireless energy transfer between two coils via a mediator coil
is proposed. By varying the coil frequencies three resonances are created: emitter-mediator (EM),
mediator-receiver (MR) and emitter-receiver (ER). If the frequency sweeps are adiabatic and such
that the ER resonance precedes the MR resonance, the energy flows sequentially along the chain
emitter-mediator-receiver. If the MR resonance precedes the ER resonance, then the energy flows
directly from the emitter to the receiver via the ER resonance; then the losses from the mediator
are suppressed. This technique is robust to noise, resonant constraints and external interferences.
PACS numbers:
Since the pioneering work of Tesla the search for wire-
less power transfer is a hot topic for its vast potential
to substitute electrical cables and batteries. Until very
recently traditional magnetic induction, wherein two con-
ductive coils induct each other, has been used to transfer
energy wirelessly over very short distances only. The coils
do not make direct electrical contact with each other but
they must be very close because the efficiency of power
transfer drops by orders of magnitude when the distance
between the coils becomes larger than their sizes.
Recently, some novel ideas for medium-range wireless
energy transfer have emerged [1, 2]. Specially designed
magnetic resonators achieve strong coupling between the
coils that enable efficient energy transfer over distances
much larger than the size of the coils [1, 2]. This tech-
nique, which demands the same frequencies of the emitter
and receiver coils, can be made more robust to variations
of the coil parameters by sweeping the emitter frequency
through resonance with the receiver frequency (or vice
versa) [3] in a fashion reminiscent of adiabatic passage
through a level crossing in quantum physics [4].
A recent theoretical paper [5] proposed a setup of two
identical coils (emitter and receiver) strongly coupled to
an intermediate coil (mediator) of different properties
but with the same intrinsic frequency. The energy trans-
fer occurs due to adiabatic following of an instantaneous
(“dark”) eigenstate of the three-coil system, an idea sim-
ilar to the quantum three-state technique of stimulated
Raman adiabatic passage (STIRAP) [6–8]. In this tech-
nique both the emitter and the receiver should be rotated
in synchro in order to engineer time-dependent couplings
that reduce the energy stored at the mediator [5]. It is,
however, crucial to maintain an exact resonance between
the emitter and receiver frequencies [5]; a frequency mis-
match, e.g., due to differences the coils or random noise
(which may be caused by external objects near the coils),
reduces the transfer efficiency significantly.
In this paper, we propose a different approach to wire-
less energy transfer between two coils via a mediator coil
by using the ideas of adiabatic population transfer in a
three-state quantum system with crossing energies [9–11].
This technique promises to be both efficient and robust
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FIG. 1: (Color online) Three coils with intrinsic frequencies
ωe, ωm and ωr. The large size of the mediator leads to strong
couplings with the others coils, but also to larger loss rate Γm
than the loss rates Γe and Γr of the emitter and receiver.
against variations of the parameters, such as the intrinsic
frequencies of the coils and the couplings between them.
We consider three parallel helix coils as shown in Fig. 1:
two small coils — an emitter and a receiver — and a large
mediator, which induces strong couplings. We follow the
description of the coupled mode theory as presented by
Hamam et al. [5]. The energy transfer, in the strong-
coupling regime, is described by a set of three coupled
differential equations (in matrix form) [5],
i
dA(t)
dt
= H(t)A(t), (1a)
where A = [ae(t), am(t), ar(t)]
T
and
H =

 ωe − iΓe κem 0κem ωm − iΓm κmr
0 κmr ωr − iΓr − iΓw

 . (1b)
Here ae(t), am(t) and ar(t) are defined so that the en-
ergies contained in the emitter, the mediator and the
receiver are, respectively, |ae(t)|
2, |am(t)|
2 and |ar(t)|
2,
while Γe, Γm and Γr are the corresponding intrinsic loss
rates (due to absorption and radiation), and ωe(t), ωm(t)
and ωr(t) are the corresponding intrinsic frequencies.
The extraction of work from the receiver is described
by the term Γw. The coupling coefficient between the
emitter and the mediator is κem and the one between the
2mediator and the receiver is κmr. The null elements in
the matrix H(t) derive from the assumption that the me-
diator is much larger than the emitter and the receiver;
hence the direct emitter-receiver coupling is negligible
compared to the couplings κem and κmr and is neglected.
The efficiency of the energy transfer is described by the
efficiency coefficient η [1–3], which is the ratio between
the work extracted from the receiver for the time interval
ti−t divided by the total energy (absorbed and radiated)
for the same time interval,
η =
ΓwEr(t)
ΓeEe(t) + ΓmEm(t) + (Γr + Γw)Er(t)
, (2)
where Ek(t) =
∫ t
ti
|ak(t)|
2dt (k = e,m, r).
Equation (1) is identical to the time-dependent
Schro¨dinger equation for a three-state quantum system
which is studied in great detail [7, 8]; the vector A(t)
and the driving matrix H(t) correspond to the quan-
tum state vector and the Hamiltonian, respectively. By
definition, in the adiabatic limit the system stays in
an eigenvector of H(t). We first assume that the loss
rates Γe, Γm, Γr and Γw are all zero; then the quantity
|A(t)|2 = |ae(t)|
2+|am(t)|
2+|ar(t)|
2 is conserved, like the
total population in a coherently driven quantum system.
The key of our proposal is the assumption that the
frequency of the mediator coil is fixed, while the frequen-
cies of the emitter and receiver coils change in time in
opposite directions,
ωe(t) = ωm + δ + α
2t, (3a)
ωm = const, (3b)
ωr(t) = ωm + δ − α
2t, (3c)
where δ is a suitably chosen static frequency offset, which
controls the energy flow. For the sake of generality, we
take hereafter α > 0 as the unit of frequency and 1/α as
the unit of time. We assume that the fixed mediator fre-
quency ωm is much larger than the terms δ±α
2t in ωe(t)
and ωr(t); therefore the couplings κem and κmr can be
assumed constant for the sake of simplicity. Taking the
variations of the couplings due to the frequency sweeps
into account does not change the results significantly.
For δ 6= 0, the intrinsic frequencies of the three coils
cross each other at three different instants of times,
thereby creating a triangle crossing pattern [9–11], shown
in Fig. 2 (top frames). For δ = 0, the three frequencies
cross at the same instant of time, thereby creating a bow-
tie crossing (frame B) [12]. These crossing patterns allow
us to design recipes for efficient adiabatic wireless energy
transfer, in analogy to adiabatic passage techniques in
quantum physics [7–11].
The proposed technique is illustrated in Fig. 2. The
top frames show the evolution of the intrinsic frequencies
of the three coils ωk(t) (k = e,m, r) and the eigenval-
ues εn(t) (n = 1, 2, 3) (the eigenfrequencies) of H(t) of
Eq. (1). The three columns of frames differ by the offset
frequency δ: δ > 0 in the left column, δ = 0 in the middle
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FIG. 2: (Color online) Wireless energy transfer. Left column:
sequential transfer (δ = 7α); middle column: bow-tie transfer
(δ = 0); right column: direct transfer (δ = −7α). Top frames:
Diagonal elements (solid lines) and eigenvalues (dashed lines)
of H of Eq. (1). Middle frames: The energies in the coils
calculated numerically from Eq. (1) with no losses, Γe = Γm =
Γr = Γw = 0 for κem = κmr = 3.5α. Bottom frames: The
energies in the coils and the efficiency coefficient η for Γe =
Γr = 0.001α, Γm = Γw = 0.05α.
column and δ < 0 in the right column. In the beginning
and the end each eigenfrequency εn(t) coincides with one
of the intrinsic frequencies ωk(t) of the coils, while in be-
tween each εn(t) is a superposition of ωe(t), ωm and ωr(t).
In the adiabatic limit, the system follows an eigenstate of
H(t) and the eigenfrequency of the system at any instant
of time is equal to the (time-dependent) eigenfrequency
in which it is initially, i.e. ε1(t). However, the com-
position of ε1(t) is different for different δ because the
topology of the crossings differ.
For δ > 0 (left column of frames), the frequency reso-
nances occur in the intuitive manner: first the emitter-
mediator resonance and then the mediator-receiver reso-
nance. The eigenfrequency ε1(t) is initially nearly equal
to ωe, at intermediate times to ωm and in the end to
ωr. Consequently, the energy flows sequentially from the
emitter to the mediator and then to the receiver coils; this
sequential flow is demonstrated in frame D. This two-step
scheme extends the single-step adiabatic wireless energy
transfer proposed earlier [3].
For δ = 0 (middle column of frames) — the bow-tie
crossing — all resonances occur at the same time. The
composition of ε1(t) is similar as for δ > 0, the difference
being the lesser contribution of the mediator frequency
ωm at intermediate times. Consequently, the mediator
receives less transient energy, as seen in frame E.
For δ < 0 (right column of frames), the frequency
resonances occur in a counterintuitive manner, with the
3mediator-receiver resonance occurring before the emitter-
mediator resonance. In fact, the system never comes
close to the “nearest-neighbor” emitter-mediator and
mediator-receiver resonances but it passes through the
direct emitter-receiver resonance (frame C). The eigen-
frequency ε1(t) remains very far from the mediator fre-
quency ωm; consequently, very little energy attends tran-
siently the mediator coil, as seen in frame F. This fea-
ture is reminiscent of the energy transfer in the STIRAP-
based technique [5].
The coil parameters in Fig. 2 — the intrinsic frequen-
cies, the couplings and the sweep rate — are chosen in
a such way that in the absence of losses the evolution is
adiabatic and hence the energy is transferred almost com-
pletely to the receiver coil in the end, as seen in frames
D, E and F of Fig. 2. However, the temporary transfer
of energy to the mediator coil makes the energy transfer
efficiency very different in the presence of losses, as seen
in the bottom frames of Fig. 2. For δ > 0, a large amount
of energy visits the mediator where is subjected to strong
dissipation and most of it is lost before it has the chance
to reach the receiver (frame G). For δ = 0, less energy
attends the mediator coil and hence some more energy
reaches the receiver (frame H). For δ < 0, only little en-
ergy visits the mediator coil and a significant amount of
energy is transferred to the receiver (frame I).
We therefore identify the direct adiabatic path, occur-
ring for δ < 0, as the optimal path for energy transfer
from the emitter to the receiver.
Next we turn our attention to the conditions for adi-
abatic evolution in the three distinct cases δ > 0, δ = 0
and δ < 0. By using the formula for the transition
probability for the Landau-Zener-Stu¨ckelberg-Majorana
(LZSM) model [4], p = 1− exp(−2πκ2/α2), we find that
the condition for transition probability larger than 1− ǫ
at each crossing reads
κ
α
>
√
ln(1/ǫ)
2π
, (4)
where κ = κem for the emitter-mediator resonance and
κ = κmr for the mediator-receiver resonance. For the
bow-tie crossing, the condition is (for κem = κmr) [12]
κ
α
>
√
ln(1/ǫ)
π
. (5)
For the direct emitter-receiver resonance, we can use the
LZSM formula again, by taking into account that the
sweep rate is 2α and the effective emitter-receiver cou-
pling is κ =
√
κ2em + κ
2
mr + δ
2/4− δ/2 [11],
κ
α
>
√
2 ln(1/ǫ)
π
. (6)
In addition to these conditions, efficient energy transfer
requires that the loss rates be small compared to the
couplings and the interaction time T ,
Γk ≪ 1/T, κ. (7)
One can readily verify that all these conditions are satis-
fied for the parameters in Fig. 2.
In conclusion, the proposed technique for adiabatic
wireless energy transfer between an emitter and a receiver
coil via a larger mediator coil allows one to transfer en-
ergy with high efficiency by varying the intrinsic frequen-
cies of the coils in the counterintuitive way, in which the
mediator-receiver resonance occurs before the emitter-
mediator resonance. Then only a small amount of energy
visits the mediator and hence the losses from the media-
tor are minimized. The presence of a large mediator coil
allows one to increase the coil-coil couplings and there-
fore to increase the distance between the emitter and the
receiver compared to the simple two-coil emitter-receiver
setup [3]. Compared to the STIRAP-based energy trans-
fer technique [5], the present technique does not require
identical coil frequencies and time-varying couplings, and
therefore it may be easier to implement.
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